We present a physical-analytical model for the potential distribution at Pt nanodeposits in a polymer electrolyte membrane (PEM). Experimental studies have shown that solid deposits of Pt in PEM play a dual role in radical-initiated membrane degradation. Surface reactions at Pt particles could facilitate the formation as well as the scavenging of ionomer-attacking radical species. The net radical balance depends on local equilibrium conditions at Pt nanodeposits in the PEM, specifically, their equivalent local electrode potential. Our approach utilizes a continuum description of crossover fluxes of reactant gases, coupled with the kinetics of electrochemical surface reactions at Pt nanodeposits to calculate the potential distribution. The local potential is a function of the PEM structure and composition, which is determined by PEM thickness, concentrations of H 2 and O 2 , as well as the size and density distribution of Pt particles. Model results compare well with experimental data for the potential distribution in PEMs.
Introduction
Prospects of unrivaled energy conversion efficiency and correspondingly reduced greenhouse gas emissions drive the global push towards polymer electrolyte fuel cell (PEFC) technology in automotive applications. Cost-effective utilization of materials as well as their stability and cycle life in the operating cell remain major challenges that must be successfully addressed. The durability and longevity of PEFCs are strongly affected by structural degradation of component materials, among which the polymer electrolyte membrane (PEM) is of central importance. The PEM degradation problem is critical for PEFC stack in fuel cell buses that must operate for >20,000 hours. 1 PEMs are exposed to thermal and mechanical stressors, coupled with the chemical attack of weak bonds of ionomer molecules by radical species, primarily .H, .OH and .OOH [2] [3] [4] . Experimental studies linked chemical degradation of the membrane to the concentrations of these radical species 5, 6 . Deposits of Pt-in-the-membrane (PITM) are a consequence of Pt dissolution in the cathode catalyst layer 7 . Mobile Pt ion complexes diffuse and migrate into the membrane. They form solid deposits by precipitation in the presence of H 2 and O 2 , crossed over from anode and cathode, respectively. Solid Pt nanodeposits provide catalyst surface sites for processes involved in formation or scavenging of radicals. In addition, surface reactions at PITM could facilitate the decomposition or formation of H 2 O 2 . In the latter case, H 2 O 2 thus formed could react at impurities such as Fe der debate. Rodgers et al. have observed a strong impact of the Pt density on the degradation of Pt-impregnated membranes 9 . Ohguri et al. have investigated the formation of .OH at Pt particles in the membrane 10 . In their work, .OH is detected at both the anode and the cathode side but the amount is much larger for the anode side. Ghassemzadeh et al. have observed that the chemical degradation rate was higher in the presence of Pt catalyst for a H 2 -rich mixture of H 2 and O 2 (90% H 2 , 2% O 2 , 8% Ar) as compared to an O 2 -rich mixture (20% O 2 , 2% H 2 , 78% Ar) 11 . A similar trend was reported by Aoki et al. 12, 13 and Ohma et al. 14 . Other researchers have observed severe membrane degradation in the presence of Pt particles [15] [16] [17] ; it has also been found that PITM can enhance durability by deactivating radicals and H 2 O 2 [18] [19] [20] . Conditions such as low relative humidity, high temperature, and high cell voltage accelerate chemical degradation due to an increased formation of H 2 O 2 in the cell [21] [22] [23] .
The balance of competing processes depends on local conditions such as temperature and relative humidity as well as the structure and local chemical composition of the PEM. The local chemical composition of the PEM is determined by pH and by mole fractions of H 2 and O 2 provided at opposite membrane sides. Local values of H 2 and O 2 concentrations can be calculated for given transport properties, composition and thickness of the PEM. The same conditions also determine the size, shape and density distribution of Pt deposits in the PEM [24] [25] [26] [27] . On the other hand, the formation of PITM has a feedback effect on concentrations of H 2 and O 2 as well as membrane humidification 17 . Moreover, the rates of catalytic surface processes depend on size and shape of Pt nanoparticle deposits 21, [27] [28] [29] . Understanding the impact of PITM on the chemical degradation of the PEM thus involves a complex phenomenology of local conditions and structure of the PEM, as well as structure-dependent transport and reaction processes. The local open circuit potential (OCP) of a Pt nanoparticle, considered as a nanoelectrode in the PEM, is determined by the conditions listed above. Liu and Zuckerbrod have measured the OCP distribution at a Pt nanoprobe in the membrane, with H 2 and air provided at opposite membrane sides 30 . They have observed a step-like potential profile. The local electrode potential in the region close to the anode was found near 0 V vs. RHE. In the region near the cathode, the OCP was found to attain values between 0.8 V and 1.0 V. Takaichi et al. have measured the OCP distribution determined by H 2 and O 2 permeation in the membrane. They have observed a change in the step position at different O 2 partial pressure and relative humidity 31 . Later, using the microprobe technique, Ohishi et al. have studied the distribution of the OCP 32 . They have investigated the influence of operating conditions on O 2 transport properties and the effect on the potential at the probe insertion position. Understanding the problem of electrostatic potential at isolated metallic nanoparticles in an electrolyte is fundamentally interesting and of broader practical impact. Specifically, the problem of Pt nanodeposits in polymer electrolyte membranes has received significant attention in recent years. However, to the best of our knowledge only one modeling work has been devoted to this topic 33 . Atrazhev et al. have developed a model to predict the potential distribution at a single Pt particle in the PEM 33 . Their model employs an "ad hoc" formulation of the problem, in which the surface concentrations of reactant gases, H 2 and O 2 , at a spherical Pt particle are obtained as functions of particle position. The relations are substituted in the Butler-Volmer equations and the charge balance condition is applied to numerically calculate the local mixed potential at the particle. Their model, however, suffers from physically inconsistent relations obtained for the current densities of hydrogen oxidation reaction (HOR) and oxygen reduction reaction (ORR), i.e. Eqs (36) and (37) in their paper 33 . As discussed in their paper, at the position of the potential step, both HOR and ORR are controlled by diffusion of reactant gases to the particle surface; thus, at this position, each of the current densities must be independent of the particle potential. However, in their relevant equations the dependency still exists. In addition, the implementation and parameterization of HOR and ORR kinetics employed in their model are incompatible with experimental data [34] [35] [36] . In this paper, we present a rigorous and self-consistent formulation of the problem which results in a physical-analytical model of the mixed-potential distribution at Pt nanodeposits in the PEM. The model employs continuum diffusion for the crossover of reactant gases, H 2 and O 2 , coupled with local electrochemical reactions at the surface of Pt nanoparticles. The analytical solution gives the shapes of reactant concentrations and potential profile in terms of experimental parameters, including the relative concentration of H 2 and O 2 at the PEM boundaries, mass transfer coefficients, kinetic parameters of surface reactions at Pt, and size and density of Pt particles in the PEM. Model outcomes are compared to experimental measurements of the OCP at Pt nanodeposits in the membrane 30, 31 .
The Model
The model incorporates a two-scale description of transport and reaction processes in the membrane, as illustrated in Fig.  1 . At the macroscale, one-dimensional (1D) diffusion governs the distribution of redox species, i.e., H 2 and O 2 , along the thickness variable x. Even though we do not consider the membrane embedded in the fuel cell configuration, we refer to the side at which hydrogen is supplied as the anode and the side at which oxygen is provided as the cathode. Concentrations of hydrogen and oxygen in the PEM are c H 2 (x) and c O 2 (x). The concentrations at the PEM boundaries are c 0 H 2 at x = 0 (anode side) and c 0 O 2 at x = l (cathode side). At the nanoscale, the hydrogen oxidation reaction (HOR), H 2 ↔ 2H + + 2e − , and the oxygen reduction reaction (ORR), O 2 + 4H + + 4e − → 2H 2 O proceed at the surface of Pt nanoparticles, which we assume spherical. As Pt nanoparticles are not connected to an electron source/sink, the resulting OCP must fulfill a condition that the rates of HOR and ORR processes are balanced at the particle level. As shown in Fig. 2 , four regimes can be distinguished to describe the mixed reaction kinetics at the surface of Pt nanode- 
and that of the ORR is
where F is the Faraday constant, r 0 is the Pt particle radius, D nano
are the diffusion coefficients of H 2 and O 2 at the nanoscale, respectively. For the faradaic current densities of HOR and ORR at the particle surface, we use expressions in the form of the ButlerVolmer equation, i.e.,
and (4) 38 . It corresponds to the O 2 concentration at standard conditions. α a and α c are the anodic and cathodic electron transfer coefficients, j 0 HOR and j 0 ORR are the exchange current densities of HOR and ORR, and E eq is the equilibrium potential of ORR (vs. RHE). R and T are the gas constant and temperature, respectively. For a Pt nanodeposit at position x, one of four possible scenarios will determine the local value of the OCP, E (x):
then the HOR is controlled by reaction kinetics and the ORR is diffusion-limited, as shown in Fig. 2 (a) ; in this case, E (x) remains close to the equilibrium potential of the HOR. (2) If j d HOR < j d ORR , then the HOR is diffusion-limited and the ORR is kinetically controlled; in this case, E (x) shifts towards the equilibrium potential of the ORR, as illustrated in Fig. 2 (b) . (3) The transition between the two cases occurs at the position where j d HOR = j d ORR , as shown in Fig. 2 (c) ; in this regime, the current density at the particle is independent of E (x); it corresponds to a step-like change in E (x) at a position x 0 . From the condition of equal diffusion-limited current densities in this regime, we will determine the value of x 0 . (4) The last possible scenario is that both reactions are controlled kinetically, as depicted in Fig. 2 (d) ; in this case, E (x) is found from the condition j HOR = j ORR , using Eqs. 3 and 4. Following the distinction of different kinetic regimes, governing the local current at the nanoparticle surface, the PEM can be divided into two spatial regions, viz. an anodic region at
In the anodic region, the HOR current is kinetically controlled, whereas the ORR is usually in the diffusion-limited regime. In the cathodic region, the ORR is kinetically controlled, whereas the HOR is usually in the diffusion-limited regime. If a reaction at the Pt surface is kinetically controlled, the surface concentration of redox species will be equal to the bulk concentrations, i.e. ≈ 0 in the cathodic region. As we are interested in obtaining analytical solutions for the potential profile E (x), we will employ modified forms of the Butler-Volmer expressions in Eqs. 3 and 4, given by
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and
In Eqs. 5 and 6, we assume α a HOR = α c HOR = 1 2 34 and α c ORR = 1 35, 36 . In Eq. 5 the sinh-expression for the faradaic current density of the HOR represents a common interpolation 39 . It allows for a continuous description of the HOR rate in the limit of small overpotential,
We apply the charge balance condition for anodic and cathodic regions in the PEM and at the transition between these regions, to obtain analytical relations for the potential profile. In the anodic region, i.e. for x < x 0 , we have
Inserting Eqs. 2 and 5 and solving for E(x) results in
with
Similarly, in the cathodic region of the PEM, i.e. for x > x 0 , we have
In this case, using Eqs. 1 and 6 and solving for E(x), gives
At x = x 0 , both the current densities of HOR and ORR are controlled by diffusion and, therefore,
which leads to a unique relation between the ratio of the bulk concentrations of the reactant gases at x 0 , and the diffusion coefficients,
Eq. 14 can be solved to find x 0 whence the distributions c O 2 (x) and c H 2 (x) are known. The last possible case is when both current densities of HOR and ORR are controlled by reaction kinetics,
In this scenario, the potential profile is obtained using Eqs. 5 and 6, giving,
where
Eqs. 8, 11 and 16 allow expressing the potential profile in the PEM through the distribution of concentrations, c H 2 (x) and c O 2 (x). In order to obtain the concentrations, we must solve 1D diffusion equations for hydrogen and oxygen in the distinct PEM regions. We define ξ = x l as the dimensionless coordinate along the membrane thickness and ξ 0 = x 0 l as the dimensionless position of the potential step. In the anodic region (ξ < ξ 0 ), the reaction-diffusion equation for O 2 is
and that for H 2 , using Eq. 7, is
where n Pt is the number of Pt particles per unit PEM volume. The product Λl represents the dimensional reaction penetration depth of O 2 . In the dilute limit of Pt particle distributions Λ ≫ 1, and in the dense limit Λ ≪ 1.
The diffusion coefficients at nanoscale and macroscale are distinguished as the structure and effective transport resistance of the medium is different at the two scales. The macroscale diffusion coefficient corresponds to diffusion in a random composite medium, with randomly mixed resistances due to polymer and water-filled domains. Nanoscale diffusion coefficients, on the other hand, approach the values for water. Therefore, the macroscopic diffusion coefficient will be smaller than the value in water by a factor that incorporates percolation effects. We consider this value as 10 because the diffusion coefficient of H 2 and O 2 in water 40 is one order of magnitude larger than its value in Nafion. This ratio is included in Λ in Eq. 21.
Due to large overpotential for the ORR at the anode, we assume that O 2 is completely used up at ξ =0. The boundary conditions of Eqs. 18 and 19 are given by
The solution of Eqs. 18 and 19 subject to the boundary conditions 22 and 23 are as follows,
Similarly, in the cathodic region of the PEM (ξ > ξ 0 ), the reaction-diffusion equation of H 2 is
and that of O 2 , using Eq. 10, is
Here, for simplicity, we assume
that Λ is the same as defined in Eq. 21. The boundary conditions are
The solutions of Eqs. 26 and 27 are
To obtain the equations for c
, we apply the continuity condition at ξ = ξ 0 ,
Inserting Eqs. 25 and 30, we obtain (33)
Similarly, by inserting Eqs. 24 and 31 into Eq. 32, we obtain (34)
Eqs. 33 and 34 are solved to obtain c , obtained in the Appendix, into Eq. 14 the position of the potential step is found as
It indicates that as the uniform distribution of particles is assumed, ξ 0 is independent of the size and density of particles and only depends on the relevant concentrations of reactant
gases at boundaries and the ratio of diffusion coefficients. This result is independent of the particle shape. The effect of particle shape appears in the form of the diffusion limited current densities and as well in Λ. ξ 0 is obtained by applying the charge balance condition for the limiting current densities of HOR and ORR as given in Eq. 13. In this equation, as the parameters affecting the particle shape are assumed to be the same for HOR and ORR, they cancel out from both sides of the equation for any particle shape. In addition, for a uniform distribution the step position is independent of Λ, hence of the particle shape.
Model parameters
Physical properties and constants are listed in Table 1 . The adopted values for the macroscale diffusion coefficients correspond to H 2 and O 2 diffusion in Nafion R 117, evaluated at 100% RH and 60 • C 41 . Exchange current densities of the HOR and ORR have been extracted from Refs. (42) and (36), respectively. As the molar concentrations of H 2 and O 2 in Nafion are reasonably small for the relevant partial pressures, we use Henry's law to relate H 2 and O 2 concentrations at the membrane boundaries to external partial pressures,
with Henry's law constants H H 2 and H O 2 in Nafion. Substituting Eq. 36 into Eq. 35, we obtain
The value of β used in this work is taken from Ref. (25) . It is reported as 0.38 ± 0.05, evaluated experimentally in permeability tests of crossover hydrogen and oxygen at 100% RH and 65 • C 25 . The evaluated ranges of parameters are listed in Table 2 . The ranges correspond to values of parameters reported in the literature. As a baseline for parametric studies, we consider a membrane with l = 50 µm in which particles with r 0 = 150 nm are uniformly distributed with n Pt = 5 × 10 9 cm −3 . The range of n Pt is estimated based on the amount of Pt in the membrane. Results of electron microscopy-energy dispersive spectroscopy analysis have been used to quantify the amount of Pt transported from cathode to the membrane 25 . This study estimates that ≈ 13% of Pt in the cathode is transported into the membrane following 3000 potential cycles. This amount corresponds to ≈ 0.38 mg Pt, if we consider a Pt loading of 0.1 mg cm −2 for a 5 × 5 cm membrane. Equivalently, this amount results in a uniform distribution of Pt particles with r 0 = 150 nm and n Pt ≈ 10 10 cm −3 across a membrane with l = 50 µm.
3 Results and discussion and vice versa. In the uniform particle distribution regime, ξ 0 is independent of Λ, as can be seen from Eq. 37.
Fig . 3 Analytical solution of concentration profiles of H 2 and O 2 in dilute limit (Λ ≫ 1) and dense limit (Λ ≪ 1) of uniformly distributed Pt deposits for various relative concentrations of H 2 and O 2 at the PEM boundaries. The position of potential step, ξ 0 , is indicated as vertical dashed line which is independent of particle density.
As shown in Fig. 3 , in the dilute limit of Pt particles, as Λ ≫ 1, the concentration profiles are linear, given by c H 2 (ξ )=c 0
ξ (see Eqs. 24, 25, 30 and 31). As Λ → 1 concentration profiles deviate from linear curves. According to Eq. 18 and 19, nonlinearity occurs when the local rate of reactant consumption is of similar order of magnitude as the rate of reactant flux. In dense limit, as Λ ≪ 1, both concentrations approach to zero at ξ 0 which is expected as a trivial solution to Eq. 14. For the case of a dense Pt band formed in the PEM, due to the small rate of transport and high rate of consumption at the position of the dense Pt layer, the concentration of reactants must approach to zero at the band position. In this case, the potential step is found to occur in the vicinity of the band, which is in agreement with experiment 25 . The particle deposition process in the membrane is due to repeated oxidation/dissolution and reduction/deposition of the migrated Pt ions by crossover O 2 and H 2 , respectively 28 . At x 0 optimal conditions are provided for the deposition of particles to form the Pt band. Fig. 4 shows the potential distribution at spherical Pt particles in the PEM for a uniform distribution with n Pt = 10 10 cm −3 . In Fig. 4 (a)-(c) , the potential profile in the mixed kinetic regime (see Fig. 2 (d) and Eq. 16) is compared to those of mixed "kinetic-diffusion" regimes in the two PEM regions (see Fig. 2 (a), Fig. 2 (b) , Eq. 8 and Eq. 11). The results indicate that for particles with radius smaller than r 0 ≈ 125 nm, the transition of ORR from diffusion-limited to kinetically controlled regime occurs at ξ < ξ 0 . Similarly, for this particle size range, the transition of HOR from diffusion-limited to kinetically controlled regime occurs at ξ > ξ 0 . In the re- gion between the two dashed lines in Fig. 4 (a) , both HOR and ORR are controlled by the reaction kinetics. This case is more relevant to the Pt in the membrane, as the average PITM sizes reported in the literature are smaller than 125 nm 43, 44 . It implies that in the vicinity of the potential step the concentration gradient of the reactants close to the particle surface is negligible as both reactions are kinetically controlled. On the other hand, for particles with radius greater than r 0 ≈ 125 nm the transition occurs at ξ 0 , as shown in Fig. 4 (b) and (c) (also see Fig. 2 (c) and Eq. 14). In Fig. 5 (a) , the potential profile is plotted as a function of the particle size at a particle density of n Pt = 5 × 10 9 cm −3 , for a membrane with thickness of l= 50 µm. As shown, the OCP depends on the particle size, especially close to the step. As the particle size increases the potential decreases in the anodic region and increases in the cathodic region. The OCP change as a function of microelectrode size has been experimentally reported 45 . Particle size dependence of potential has also been obtained in the model by Atrazhev et al. 33 . Fig. 5 (b) , shows the potential profile for a constant particle size (150 nm) as a function of n Pt . As n Pt increases, the potential decreases in anodic region and increases in the cathodic region. For a constant particle size and uniform particle distribution, as the PEM thickness increases the potential decreases in the anodic region and increases in the cathodic region, as shown in Fig. 5 (c) . At ξ 0 , the value of the potential drop only depends on the particle size. At this position, the ratio of the concentrations of reactant gases is independent of the particle density (see Eq. 14); thus, according to Eqs. 8 and 11 the potential drop is independent of n Pt . Fig. 6 shows the current density distribution at Pt nanoparticles in the PEM as a function of particle density, corresponding to the potential distribution shown in Fig. 5 (b) . At ξ < ξ 0 , 1-11 | 7 Fig. 5 Analytical solution of the potential distribution at spherical Pt nanodeposits in membrane, for (a) varying particle sizes, (b) varying particle densities, and (c) varying membrane thickness. the current density increases from zero to a maximum value at ξ 0 (see Eq. 2); and at ξ > ξ 0 the current density decreases to zero (see Eq. 1). As n Pt increases, the local flux becomes smaller due to the higher consumption of crossover gases. Fig. 7 compares the model and experimental data of the potential profile for various relative partial pressures of H 2 and O 2 . In the experimental measurements of Takaichi et al. 31 , seven Pt microelectrode probes, with 30 µm in diameter, were used to measure the OCP determined by H 2 and O 2 permeating in the PEM. The microelectrodes are sandwiched between eight thin membrane films, 25 µm Nafion R (NRE211, Dupont, 3 × 7 cm), resulting in the total thickness of about 200 µm. H 2 at ambient pressure was fed to the anode side. At the cathode side, O 2 was held at partial pressures of 21 kPa, 25 kPa, 101 kPa and 119 kPa. In the experimental measurements per- Fig. 6 Current density distributions at spherical Pt nanoelectrode calculated in the model, for various values of the particle density, corresponding to the cases depicted in Fig. 5b. formed by Liu and Zuckerbrod 30 , flattened Pt wires with an initial diameter of 25 or 50 µm were used. Two Pt microelectrodes were laminated within a membrane electrode assembly with a dimension of 5 × 5 cm. Three layers of membranes were used. Two 10 µm GORE-SELECT R (GSM) membranes sandwiched a membrane with variable thickness, X. The two microelectrodes were laminated in between the outer 10 µm GORE-SELECT membrane and membrane X, both aligned with the gas inlet region, one close to the cathode and the other close to the anode. The position of the microelectrode area the cathode side was varied by changing the thickness of the membrane X. Both anode and cathode were standard GORE-PRIMEA R Series 5510 electrodes with Pt loadings of 0.4 mg/cm 2 . H 2 and air under 100 kPa pressure was fed to the anode and cathode sides, respectively. The potential at the microelectrodes was measured under OCP conditions at 60 • C. To compare our model with the experimental data, we assume a spherical Pt microelectrode with r 0 =5 µm in a membrane with l = 200 µm and a dilute particle density of n Pt = 10 7 cm −3 . For the H 2 partial pressure we assumed 100 kPa and for the O 2 partial pressure we used the values reported in experiment. The variation in microelectrode shape does not demand a modification of the model; it is merely a parametric effect in the diffusion-limited current densities at the particle surface 37 . We use Eq. 37 to determine x 0 with β = 0.38 for all the pressure settings. The potential shapes calculated from the model are in a very good agreement with values of the potential found in experiment. As shown in Fig. 7 , the step-like potential profile is very well reproduced in the model and the dependence of the position of the step to relative partial pressures at the membrane boundaries is captured. Discrepancies might be due to a combination of the effect of microelectrode size and shape. Microelectrodes used in the experiments are large compared to the thickness of the membrane; hence, the spatial localiza-
